Introduction {#sec1-1744806920931737}
============

Understanding the mechanisms and developing more effective therapy of neuropathic pain are still challenges. Recent studies have shown that the interleukin-33 (IL-33)/suppressor of tumorigenicity 2 (ST2) signaling promotes inflammation^[@bibr1-1744806920931737][@bibr2-1744806920931737][@bibr3-1744806920931737][@bibr4-1744806920931737]--[@bibr5-1744806920931737]^ and plays critical roles in the development of neuropathic pain.^[@bibr6-1744806920931737][@bibr7-1744806920931737][@bibr8-1744806920931737][@bibr9-1744806920931737]--[@bibr10-1744806920931737]^ Great efforts have been made to clarify mechanisms that may be involved in the regulation of IL-33/ST2 signaling (see reviews: Fairlie-Clarke et al.,^[@bibr4-1744806920931737]^ Fattori et al.,^[@bibr10-1744806920931737]^ Molofsky et al.^[@bibr11-1744806920931737]^). MicroRNAs (miRNAs) have been found to be involved in the regulation of IL-33/ST2 signaling. For example, enhancing the expression of miRNA-487b not only inhibits the expression of IL-33 and ST2 but also improves the heart function.^[@bibr12-1744806920931737]^ The expression of IL-33 and ST2 is increased in allergic rhinitis patients, while miRNA-487b expression reduced. The upregulation of miRNA-487b reduces the immunoglobulin E, proinflammatory cytokines, and the mitigation of pathological alterations.^[@bibr13-1744806920931737]^ Interestingly, IL-33/ST2 may promote gut mucosal healing through increasing the expression of miRNA-320 in colitic mice during the recovery period, which facilitates the epithelial restitution and the inflammation resolution.^[@bibr14-1744806920931737]^

Recently, it has been documented that neuropathic pain induced by nerve injury can be relieved by delivering bone marrow stromal cells (BMSCs) locally, intrathecally, or systematically (see reviews: Fortino et al.,^[@bibr15-1744806920931737]^ Huh et al.,^[@bibr16-1744806920931737]^ Han et al.^[@bibr17-1744806920931737]^). However, detailed mechanisms underlying the genesis and maintenance of neuropathic pain, as well as its stem cell-based therapeutic intervention remained not entirely clear. To address these issues, we conducted this research in which we identified that via depressing miRNA-547-5p, the constriction nerve injury (CCI) induced the enhancement of IL-33/ST2 signaling in both the dorsal root ganglia (DRG) and spinal dorsal horn (SDH), and pain sensitivity, and that via blocking the miRNA-547-5p-mediated IL-33/ST2 signaling, BMSCs reduced the CCI-induced pain hypersensitivity.

Materials and methods {#sec2-1744806920931737}
=====================

Animals {#sec3-1744806920931737}
-------

A total of 332 adult Sprague-Dawley rats (male, 180--200 g; SLAC Laboratory Animal, Shanghai, China) were used for this study. The animals were housed on a 12-hr light/dark cycle with free access to food and water. Before any experiments, rats were adapted to the testing environment for three days.

All animal experiments were performed following the guidelines of the Animal Care and Use Committee of the Medical College of Soochow University and approved by the Ethics Committee of Soochow University (AP\# SUDA20200316A02) according to the ethical standards of the International Association for the Study of Pain.

Surgery procedures {#sec4-1744806920931737}
------------------

For creating a CCI model, rats were deeply anesthetized with intraperitoneal (i.p.) injection of 4% chloral hydrate. The right sciatic nerve and its three terminal branches---the sural, common peroneal, and tibial nerves---were exposed by sectioning through the biceps femoris. Care was taken not to touch or stretch the spared sural nerve. The common peroneal and tibial nerves were loosely ligated with 6.0 silk until the shot flick of the ipsilateral hind limb was observed. The muscle and skin were then closed in two separate layers. For the sham surgeries, the nerves were exposed as described above without ligation. Lidocaine (2%, Sihuan Pharmaceutical, Beijing, China) was locally applied on the surgical region to reduce pain. After the CCI or sham operation, rats were allocated in individual cages with food and water and carefully observed until completely recovered from anesthesia. No adverse event such as paradoxical excitement or vomiting was found after the i.p. injection of 4% chloral hydrate.

Behavioral analysis {#sec5-1744806920931737}
-------------------

Mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWL) of rats' hind paw were measured between 9 and 12 am as described previously.^[@bibr18-1744806920931737],[@bibr19-1744806920931737]^ In brief, for MWT tests, rats were placed in an individual transparent chamber on a metal mesh table for 30 min and then tested with calibrated Von Frey filaments, ranging from 0.4 to 26 g (Stoelting, Wood Dale, IL, USA). The filaments were applied perpendicularly to the plantar surface of rats. Each test was for 5 s. Withdrawal of the tested hind paw was considered as a positive response. The pattern of negative and positive responses was converted to the MWT according to the formula: 50% threshold (g) = (10\[Xf + Kδ\])/10,000 (Xf: the final bending force of the Von Frey filament; K: the tabular value for the pattern of positive/negative responses; δ: 0.22).

Thermal stimulation was performed through a radiant heat apparatus (Ugo Basile, \#7360, Gemonio, Varese, Italy; I.R. intensity = 30 mW/cm^2^). The cutoff latency was set for 20 s to avoid heating-induced tissue damage when the thermal stimulation was gradually increased. As soon as the rat lifted his paw heated, the stimulation stopped immediately, and the TWL was determined accordingly. Two or three experimenters performed the behavioral tests, and only one of them was not "blind" to the experimental design and condition of the rat under investigation. Each of them provided his/her evaluation. The same assessments provided at least by two experimenters were used for the data analysis.

BMSC cultures and flow cytometric analysis {#sec6-1744806920931737}
------------------------------------------

BMSCs obtained from donor rats under aseptic conditions were cultured (see Supplementary Figure 1), as described previously.^[@bibr20-1744806920931737]^ In brief, after rats were sacrificed with 4% chloral hydrate, both ends of the tibiae, femurs, and humeri were cut off by scissors. Bone marrow was flushed out with a culture medium consisting of Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY, USA) and 10% fetal bovine serum (Gibco) through a syringe fitted with an 18-gauge needle and inserted into the shaft of the bone. After the mechanical dissociation of the bone marrow, debris was removed with a 100-μm cell filter. Cells were then incubated at 37°C in 5% CO~2~ in tissue-culture flasks (25 mm^2^) (Corning, NY, USA). The culture medium was changed in 48 hr to remove nonadherent cells. The culture medium was changed every other day thereafter. On day 7, when the cultures reached 80% confluence (see Supplementary Figure 1(a)), the cells were washed with phosphate-buffered saline (PBS) and harvested by incubation with 1 ml of 0.25% trypsin/1 mM ethylenediaminetetraacetic acid at 37°C for 7 min. The culture medium was added to neutralize trypsin. Cells were then centrifuged at 1,000 *g* for 7 min and washed with PBS.

For assessing the properties of collected cells, the cells were incubated in a solution saturated with fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies against CD45 (1:200, AB_2572455, eBioscience, Shanghai, China) and CD90 (1:200, AB_465151, eBioscience) for 20 min on ice in the dark. Incubation in a solution saturated with isotype-matched FITC-conjugated mouse IgG1 kappa (1:200, AB_10596964, eBioscience) or IgG2a kappa (1:200, AB_470027, eBioscience) was performed as isotype control. After washing for three times with 0.01 M PBS, cells were centrifuged at 400 *g* for 5 min and resuspended in a 0.5 ml ice-cold 0.01 M PBS. The fluorescence staining of cells was evaluated by using an FC500 flow cytometer (Beckman Coulter, Brea, CA, USA). The data were analyzed using FlowJo 8.8.6 (TreeStar Inc., Ashland, OR, USA) (see Supplementary Figure 1(b)). BMSCs (1 × 10^6^ cell in 0.3 ml PBS) were delivered intravenously into rats through one tail vein over a 2-min period using a 22-gauge needle.

Lentivirus particle delivering {#sec7-1744806920931737}
------------------------------

Lentivirus particles (1 × 10^8^ plaque forming units (PFU)/ml, 10 µl) conjugated with IL-33 siRNA 5′-ATGATGAGAGCTGTAACAATA-3′ (sh-IL-33, Genechem, Shanghai, China, [www.genechem.com.cn](http://www.genechem.com.cn), see [Table 1](#table1-1744806920931737){ref-type="table"})^[@bibr21-1744806920931737]^ or the nonspecific negative control sequence 5′-TTCTCCGAACGTGTCACGT-3′ (sh-NC, Genechem, see [Table 1](#table1-1744806920931737){ref-type="table"})^[@bibr21-1744806920931737][@bibr22-1744806920931737]--[@bibr23-1744806920931737]^ was intrathecally injected as previously described.^[@bibr7-1744806920931737]^ In brief, after rats were anesthetized with 3% isoflurane (YaJi Biological, Shanghai, China), a 26-gauge needle connected to a 10-μl microinjection syringe was inserted into the intervertebral space between the lumbar 4 (L4) and L6 regions. The tail-flick reflex was considered to be an indicator of the accuracy of each intrathecal (i.t.) injection. The dorsal root ganglion (DRG) and SDH tissues of L4 to L6 were sampled on days 3 and 7 after the i.t. injection to examine the effect of sh-IL-33 delivered.

###### 

Sequences used in the current study.

![](10.1177_1744806920931737-table1)

  Agent                          Sequences                                                                                                                                                                                                                     Manufactures
  ------------------------------ ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------
  Primer of IL-33                Forward: 5′-CCCTGAGCACATACAACGACC-3′Reverse: 5′-CACCATCAGCTTCTTCCCATC-3′                                                                                                                                                      Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)^[@bibr21-1744806920931737]^
  1363--1575 of IL-33 DNA (WT)   CATCGCTATATGCCCCAGGCACCCCTCAGATCAGCCCTTTCTGTCAAGAACCCTAGCACTCCAGATGTCTACATGTCTAGACAGACAAGTCTGTGTTTG**[TGAAGTG]{.ul}**GATGATATTACCTCTTGTTTCCTTCTTAAAATTCCATTTTTTTTTCAACACAGCAACTTAACTTTAAGCAAGCCAGCTTACATTAGGAAACGAAACACATTT   Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)
  1363--1575 of IL-33 DNA (MT)   CATCGCTATATGCCCCAGGCACCCCTCAGATCAGCCCTTTCTGTCAAGAACCCTAGCACTCCAGATGTCTACATGTCTAGACAGACAAGTCTGTGTTTG**[ACTTCAC]{.ul}**GATGATATTACCTCTTGTTTCCTTCTTAAAATTCCATTTTTTTTTCAACACAGCAACTTAACTTTAAGCAAGCCAGCTTACATTAGGAAACGAAACACATTT   Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)
  Primer of ST2                  Forward: 5′-TCAGTTCGTTGCTGTCCTGT-3′Reverse: 5′-TGGAACTTTTATTTGGGCCTTTCT-3′                                                                                                                                                    Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)
  1981--2065 of ST2 DNA (WT)     GGTTGCTTGGACCTGAAACACTTTTGAGTCGTGGACTTGCCTACTCAGAGCTGGGGAATCCCAGCAGTAGGCCCCA**GAAGTG**AAGGTGTGAAGACTTGAAATGCCAAGGGTGGGGCCCC                                                                                                   Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)
  1981--2065 of ST2 DNA (MT)     GGTTGCTTGGACCTGAAACACTTTTGAGTCGTGGACTTGCCTACTCAGAGCTGGGGAATCCCAGCAGTAGGCCCCA**[CTTCAC]{.ul}**AAGGTGTGAAGACTTGAAATGCCAAGGGTGGGGCCC                                                                                             Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)
  rno-miR547-5p Mimic            5′-UCACUUCAGGAUGUACCACCCA-3′3′-AGUGAAGUCCUACAUGGUGGGU-5′                                                                                                                                                                      RiboBio Co., Ltd., Guangzhou, China; [www.ribobio.com](http://www.ribobio.com)
  Mimic control                  5′-UUUGUACUACACAAAAGUACUG-3′3′-AAACAUGAUGUGUUUUCAUGAC-5′                                                                                                                                                                      RiboBio Co., Ltd., Guangzhou, China; [www.ribobio.com](http://www.ribobio.com)^[@bibr24-1744806920931737]^
  Sh-IL-33                       5′-ATGATGAGAGCTGTAACAATA-3′                                                                                                                                                                                                   Gene Chemical Co., Ltd., Shanghai, China; [www.genechem.com.cn](http://www.genechem.com.cn)^[@bibr21-1744806920931737]^
  Sh-NC                          5′-TTCTCCGAACGTGTCACGT-3′                                                                                                                                                                                                     Gene Chemical Co., Ltd., Shanghai, China; [www.genechem.com.cn](http://www.genechem.com.cn)^21--23^
  Agomir-547-5p                  5′-UCACUUCAGGAUGUACCACCCA-3′3′-GGUGGUACAUCCUGAAGUGAUU-5′                                                                                                                                                                      GenePharma, Shanghai, China; [www.genepharma.com](http://www.genepharma.com)
  Agomir-NC                      5′-UUCUCCGAACGUGUCACGUTT-3′3′-ACGUGACACGUUCGGAGAATT-5′                                                                                                                                                                        GenePharma, Shanghai, China; [www.genepharma.com](http://www.genepharma.com)^25--27^
  Antagomir-547-5p               5′-UGGGUGGUACAUCCUGAAGUGA-3′                                                                                                                                                                                                  GenePharma, Shanghai, China; [www.genepharma.com](http://www.genepharma.com)
  Antagomir-NC                   5′-CAGUACUUUUGUGUAGUACAA-3′                                                                                                                                                                                                   GenePharma, Shanghai, China; [www.genepharma.com](http://www.genepharma.com)^[@bibr28-1744806920931737]^
  Primer of GAPDH                Forward: 5′-AGGTCGGTGTGAACGGATTTG-3′Reverse: 5′-GGGGTCGTTGATGGCAACA-3′                                                                                                                                                        Genewiz, Suzhou, China; [www.genewiz.com.cn](http://www.genewiz.com.cn)^[@bibr29-1744806920931737]^

IL-33: interleukin-33; ST2 suppressor of tumorigenicity 2; WT: wild type; MT: mutant type in which the interaction sites with miR547-5p were mutated; NC: nonspecific negative control sequence; rno-miR547-5p: rat noncoding miRNA-547-5p; Sh-IL-33: lentivirus particles conjugated with short hairpin RNA which inhibits the expression of IL-33 protein. Bolded and underlined nucleotides in the wild type of IL-33 or ST2 indicate (also see [Figure 1(a)](#fig1-1744806920931737){ref-type="fig"}) the interaction sites with miR547-5p predicted with TargetScan (<http://www.targetscan.org/>).

Vector construction and dual-luciferase reporter assay {#sec8-1744806920931737}
------------------------------------------------------

About 200-bp sequences of IL-33--3′ untranslated region (UTR) and ST2-3′ UTR containing the predicted miR-547-5p binding sites and their mutant sequences (see [Table 1](#table1-1744806920931737){ref-type="table"}) synthesized by Genewiz Company (Suzhou, China, [www.genewiz.com.cn](http://www.genewiz.com.cn)) were cloned into KpnI and XhoI sites of the pGL3-control expression vector (Promega, Madison, WI, USA), respectively. The resulting constructs were verified by direct sequencing. For the dual-luciferase reporter assay, HEK293T cell line (Hanbio Biotechnology, Shanghai, China) was dispensed into 24-well plates at a density of 50,000 cells per well the day before transfection. The constructed wild-type or mutant-type vector (500 ng) and the miR-547-5p mimic (100 nM, RiboBio, Guangzhou, China; [www.ribobio.com](http://www.ribobio.com)) (see [Table 1](#table1-1744806920931737){ref-type="table"}) as well as pRL-TK vector (50 ng, Promega) were cotransfected using Lipofectamine 6000 (Beyotime Biotechnology, Shanghai, China) according to the manufacturer's protocol. miRNA mimic negative control (100 nM, RiboBio) (see [Table 1](#table1-1744806920931737){ref-type="table"}) was used as a negative control in every transfection experiment. After 24 hr, the firefly luciferase activity normalized with the renilla luciferase in cell lysate was measured with the Dual-Luciferase Assay System in TD-20/20 Luminometer (Turner BioSystems, CA, USA). Five replicates were done for each group, and the experiment was repeated at least three times. Changes in the normalized luciferase activity relative to that in cells cotransfected with plasmids encoding the mimic control and *IL-33* wild type or *ST2* wild type (= 1, dashed line in [Figure 1(d) and (e)](#fig1-1744806920931737){ref-type="fig"}) were calculated.

![The expression of miR-547-5p (miR547-5p) was increased following the CCI and directly interacted with IL-33--3' UTR and ST2-3' UTR. (a) The regions (red) of the matched seed predicted with the TargetScan software. (b) and (c) Summary data (mean ± *SD*) showing the relative changes in the expression of miR547-5p in the DRG (b) and SDH (c) after the CCI to that in naive rats (dashed line, = 1). DRG: The L4 to L6 DRG of the spinal cord. SDH: The L4 to L6 dorsal horn of the spinal cord. Ipsilateral: The DRG or SDH ipsilateral to the CCI. Contralateral: The DRG or SDH contralateral to the CCI. \#\#\#*p* \< 0.001 (Bonferroni's post hoc test in two-way ANOVA of the ipsilateral versus contralateral DRG or SDH. (d) and (e) Summary data (mean ± *SD*) showing relative changes in the luciferase activity in HEK293T cells cotransfected with plasmids encoding the mimic control and *IL-33* wild type or *ST2* wild type (dashed line, = 1; see [Table 1](#table1-1744806920931737){ref-type="table"}). \#*p* \< 0.05, Bonferroni's post hoc test in one-way ANOVA of data versus that in cells cotransfected with plasmids of the mimic control and *IL-33* wild type or *ST2* wild type ([Table 1](#table1-1744806920931737){ref-type="table"}). Values in brackets indicate the number of rats tested.\
miRNA: microRNA; IL33: interleukin-33; UTR: untranslated region; ST2: suppressor of tumorigenicity 2; DRG: dorsal root ganglia; SDH: spinal dorsal horn.](10.1177_1744806920931737-fig1){#fig1-1744806920931737}

Real-time polymerase chain reaction analysis {#sec9-1744806920931737}
--------------------------------------------

Total RNAs were extracted from DRG or SDH tissues using the TRIzol reagent (Thermo, Shanghai, China) according to the manufacturer's instructions. The RNA was reversed and transcribed into cDNA using the random hexamer primers (Bimake.cn, Shanghai, China). A template (2 μl) was used for amplification by real-time polymerase chain reaction (PCR) with the random hexamers, oligo (dT) primers, or specific RT primers, as shown in [Table 1](#table1-1744806920931737){ref-type="table"}. The expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Genewiz) or U6 (RiboBio) was used as internal controls for normalization. Each sample was run in a 20-μl volume for reaction with forward and reverse primers (250 nM) (see [Table 1](#table1-1744806920931737){ref-type="table"}), 2× SYBR Green qPCR Master Mix (10 μl, Bimake.cn), and total cDNAs (20 ng). For miRNA quantitative real-time reverse transcription PCR, an miRcute miRNA qPCR Detection Kit (TIANGEN, Beijing, China) was used. Reactions were implemented in a 7500 Fast Real-Time PCR Detection System (Applied Biosystems, Foster City, CA, USA). All IL-33 and ST2 data were normalized to GAPDH, and all miR-547-5p data were normalized to U6, which was confirmed to be stable. The ratios of the mRNA levels in rats were calculated using the 2^\[--DeltaDeltaC(T)\]^ method.^[@bibr30-1744806920931737],[@bibr31-1744806920931737]^

Western blot analysis {#sec10-1744806920931737}
---------------------

Western blotting experiments were performed as described previously.^[@bibr18-1744806920931737],[@bibr19-1744806920931737],[@bibr32-1744806920931737]^ In brief, tissues isolated from the DRG or SDH were homogenized in an ice-cold radioimmunoprecipitation assay buffer (Beyotime Biotechnology) supplemented with protease inhibitor cocktail (Bimake.cn), phosphatase inhibitor cocktail (Bimake.cn), phenylmethylsulfonyl fluoride (PMSF, Beyotime Biotechnology), and dithiothreitol (DTT, 0.5 mM, Beyotime Biotechnology). After the homogenates were centrifuged at 12000 *g* for 20 min at 4°C, protein concentrations were determined with bicinchoninic acid (BCA) assay (Beyotime Biotechnology). Loading buffer (5×, Thermo) were added to generate samples subjected to sodium dodecyl sulphate-polyacrylamide gel electrophoresis. Sampled proteins (50 μg) were loaded into each lane of the gel. Proteins transferred to 0.45 μm polyvinylidene fluoride membranes (Millipore, Suzhou, China) were then repeatedly stripped and successively probed with antibodies for overnight at 4°C). Rabbit IL-33 antibody (1:1000, AB_2827630, Abcam, Cambridge, MA, USA), rabbit ST2 antibody (1:1000, AB_2827695, Novus, Centennial, CO, USA), and tublin antibody (1:2000, AB_2210695, Proteintech, Wuhan, China) were used. The primary antibody staining was visualized with the probe of peroxidase-conjugated goat anti-rabbit IgG (1:1000, AB_2313567, Thermo, Waltham, MA, USA) for 2 hr at room temperature. Stripping effects were carefully examined before successive antibody probing. The stripping was thought to be successful if no specific staining signal could be detected through incubation with a secondary antibody but without the incubation of a primary antibody. Densitometry analyses of Western blot bands were done with Bio-Rad image software (Bio-Rad, Shanghai, China). Samples from naive animals that did not receive any treatment were examined in biochemical experiments for controlling variations that may occur in biochemical experiments. The probe with the tublin antibody (Proteintech) was conducted as a loading control. The ratio of the band intensity versus that of tublin was calculated and then normalized to the ratio in naive rats or rats that received treatment with nonspecific negative control (NC, see [Table 1](#table1-1744806920931737){ref-type="table"}) for examining relative changes induced by any treatment.

Immunofluorescence image {#sec11-1744806920931737}
------------------------

On day 7, after the CCI operation, the rats were sacrificed with 4% chloral hydrate and then perfused intracardially with 0.01 M PBS followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4). The DRG or spinal cord from L4 to L6 was sampled and ﬁxed for 12 hr with 4% paraformaldehyde and then dehydrated by the gradient of 15% and then 30% sucrose. The DRG or spinal cord was frozen and sectioned on a freezing-microtome (Leica 2000, Wetzlar, Germany) at a thickness of 15 μm for immunofluorescence staining. The specificities of the antibodies used were examined by the Western blotting analysis or omission of the primary antibodies. After washing for three times and blocking with 4% donkey serum (MultiSciences, Hangzhou, China) in 0.3% Triton X-100 (Beyotime Biotechnology) for 1 hr at 37°C, the sections were incubated overnight at 4°C with a primary antibody in PBS added with 1% normal donkey serum and 0.3% Triton X-100. Rabbit IL-33 antibody (1:500, AB_2827630, Abcam), rabbit ST2 antibody (1:100, AB_2540840, Thermo), mouse glutamine synthetase (GS) antibody (1:200, AB_1140869, Abcam), mouse NeuN antibody (1:200, AB_2298772, Merck Millipore, Billerica, MA), and mouse GFAP antibody (1:300, AB_561049, Cell Signaling Technology, Danvers, MA) were used for primary staining. For visualization of the primary staining, the sections were washed with PBS and incubated with Cy3-conjugated goat anti-rabbit IgG (1: 300, AB_2716305, Boster, Wuhan, China) or Dylight 488 goat anti-mouse IgG (1:300, AB_2827694, Boster) for 1 hr at 37°C. Fluorescence images were captured under an inverted fluorescence microscope (Eclipse Ni-U, Nikon, Tokyo, Japan) equipped with a CCD camera (DS-Fi1c, Nikon) by using the software NIS-Elements F4.6 (Nikon). The image data were analyzed with the software Image-Pro Plus (Version 6.0, Media Cybernetic, Rockville, MD, USA). All chemicals used in this study were purchased from Sigma (Shanghai, China) except for those as indicated. All data, materials, and protocols are fully available to readers without undue qualifications in transfer agreements.

Statistical analysis {#sec12-1744806920931737}
--------------------

All data are expressed as mean ± standard deviation (SD). Unpaired *t* test, Mann--Whitney U test, or one- or two-way analysis of variance (ANOVA) were carried out for the data analysis; *p *\<* *0.05 was considered statistically significant.

Results {#sec13-1744806920931737}
=======

CCI significantly reduced the expression of the miR-547-5p, which directly interacted with both the IL-33 and ST2 mRNAs in HEK293T cells, in the DRG and SDH {#sec14-1744806920931737}
------------------------------------------------------------------------------------------------------------------------------------------------------------

Since the vast majority of identified miRNAs regulate the function of mRNAs through the interaction with canonical sites, to clarify mechanisms that may underlie the upregulation of IL-33/ST2 signaling associated with tissue injury such as CCI, we used TargetScan (<http://www.targetscan.org/>).^[@bibr33-1744806920931737]^ Based on the overlapped data from TargetScan, it was found that the seed sequence of the miR-547-5p position (2--8) was paired with IL-33 and ST2 3' UTR from 606 to 610 and 77 to 83 bps, respectively (see [Figure 1(a)](#fig1-1744806920931737){ref-type="fig"}). Importantly, we found that the expressions of miR-547-5p in the ipsilateral L4 to L6 of both the DRG and SDH of rats were significantly (*p *\<* *0.001, *F*(5, 18) = 113.5 and 98.5) reduced following the CCI ([Figure 1(b) and (c)](#fig1-1744806920931737){ref-type="fig"}). In contrast, the expressions of miR-547-5p in the contralateral DRG and SDH were not significantly (*p *=* *0.856 and *p *=* *0.99, *F*(5, 18) = 0.38 and 0.11) changed after the CCI ([Figure 1(b) and (c)](#fig1-1744806920931737){ref-type="fig"}). When compared with those in the contralateral DRG and SDH, the expressions of miR-547-5p in the ipsilateral DRG and SDH were significantly (*p *\<* *0.001, *F*(5, 30) = 50.06 and 24.52) reduced at day 3 after the CCI, and the reduction lasted till day 28 (see [Figure 1(b) and (c)](#fig1-1744806920931737){ref-type="fig"}).

Furthermore, it was confirmed that miRNA547-5p might regulate *IL-33* or *ST2* through direct binding to their 3′ UTRs in a dual-luciferase reporter assay. The wild or mutant 3′ UTR of *IL-33* or *ST2* (see [Table 1](#table1-1744806920931737){ref-type="table"}) was inserted into the downstream region of the pGL3-control luciferase reporter gene. Plasmids of the miR-547-5p mimic and pGL3-control constructs (see [Table 1](#table1-1744806920931737){ref-type="table"}) were cotransfected into HEK293T cells. The luciferase activity relative to that in HEK 293 T cells cotransfected with plasmids encoding the mimic control and *IL-33* wild type or *ST2* wild type (= 1, dashed line in [Figure 1(d) and (e)](#fig1-1744806920931737){ref-type="fig"}) was calculated. We found that the relative luciferase activity was significantly reduced in cells cotransfected with the miR-547-5p mimic and *IL-33* wild type or *ST2* wild type by 24 ± 15% or 15 ± 10% (mean ± *SD*; *p \< *0.05, *F*(3, 19) = 8.23 or 9.85; [Figure 1(d) and (e)](#fig1-1744806920931737){ref-type="fig"}). No significant change in the relative luciferase activity could be found in cells cotransfected with the miR-547-5p mimic and mutant *IL-33* or *ST2,* or the mimic control and mutant *IL-33* or *ST2* ([Figure 1(d) and (e)](#fig1-1744806920931737){ref-type="fig"}). The significant decreases detected in the luciferase activity suggested that miR-547-5p might specifically bind to either *IL-33* or *ST2* and regulate both the *IL-33* and *ST2* in HEK293T cells.

Via depressing miRNA-547-5p (miR-547-5p), CCI induced the upregulation of IL-33/ST2 signaling in both the DRG and SDH, and pain hypersensitivity {#sec15-1744806920931737}
------------------------------------------------------------------------------------------------------------------------------------------------

We then examined the distributions of IL-33 and ST2 in the DRG (see Supplementary Figure 2) and SDH (see Supplementary Figure 3) of rats with the CCI. The colocalization of IL-33 and GS or GFAP antibody staining could be found in both the DRG and SDH, but no colocalization of IL-33 and NeuN antibody staining could be found (see Supplementary Figures 2 and 3). The ST2 antibody staining was found to be colocalized with NeuN in both the DRG and SDH (see Supplementary Figures 2 and 3) but not with GS antibody staining in the DRG (see Supplementary Figure 2).

When compared with that in the DRG contralateral to the CCI, the expressions of IL-33 and ST2 mRNAs in the ipsilateral DRG were significantly increased at day 3 after the CCI (*p *\<* *0.05, *F*(5, 40) = 10.02 and 6.14). The increases lasted till day 28 (see [Figure 2(a) and (b)](#fig2-1744806920931737){ref-type="fig"}). The increases in the expression of IL-33 and ST2 proteins were found in the DRG at day 7 (see [Figure 2(c) to (f)](#fig2-1744806920931737){ref-type="fig"}) and lasted till days 28 and 14, respectively (see [Figure 2(c) to (f)](#fig2-1744806920931737){ref-type="fig"}).

![The expressions of IL-33 (IL33) and ST2 mRNAs and proteins in the DRG were increased following the CCI. (a) and (b) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 (a) and ST2 (b) mRNAs after the CCI to that in naive rats (dashed line, = 1). \#*p* \< 0.05, \#\#\#*p* \< 0.001, Bonferroni's post hoc test in two-way ANOVA of ipsilateral versus contralateral DRG. (c) and (d) Examples of Western blot. Gels (from left to right) in (c) and (d) were respectively loaded with lysates prepared from the right L4 to L6 DRG of naive rats without any treatment (naive) or ipsilateral (ipsi.) or contralateral (contr.) DRG of rats on days 3, 7, 14, 21, and 28 after the CCI. Each group of the blots was stripped and successively probed with antibodies as indicated on the left of blots in (c). Values on the right side of blots in (d) indicate the molecular mass (Kd). (e) and (f) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 (e) and ST2 (f) proteins in the DRG. The ratio of band intensities versus that of tublin was calculated and then normalized to the ratio in naive animals (= 1, dashed line) for determining relative changes. \#\#\#*p *\<* *0.001, Bonferroni's post hoc test in two-way ANOVA of ipsilateral versus contralateral DRG of rats after the CCI.\
IL33: interleukin-33; miRNA: microRNA; ST2: suppressor of tumorigenicity 2; CCI: constriction nerve injury.](10.1177_1744806920931737-fig2){#fig2-1744806920931737}

When compared with that in the SDH contralateral to the CCI, significant increases in the expressions of IL-33 and ST2 mRNAs were found at days 7 and 3 (see [Figure 3(a) and (b)](#fig3-1744806920931737){ref-type="fig"}; *p *\<* *0.001, *F*(5, 40) = 10.76 and 9.08), respectively. Increases in the expression of IL-33 and ST2 proteins were found at day 7 (*p *\<* *0.001, *F*(5, 30) = 6.34 and 6.31; see [Figure 3(c) to (f)](#fig3-1744806920931737){ref-type="fig"}).

![The expressions of IL-33 (IL33) and ST2 mRNAs and proteins in the SDH were increased following the CCI. (a) and (b) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 (a) and ST2 (b) mRNAs after the CCI to that in naive rats (dashed line, = 1). \#*p* \< 0.05, \#\#\#*p* \< 0.001, Bonferroni's post hoc test in two-way ANOVA of ipsilateral versus contralateral SDH. (c) and (d) Examples of Western blots. Gels (from left to right) in (c) and (d) were respectively loaded with lysates prepared from the right L4 to L6 SDH of naive rats without any treatment (naive) or ipsilateral (ipsi.) and contralateral (contr.) SDH of rats on days 3, 7, 14, 21, and 28 after the CCI. Each group of the blots was stripped and successively probed with antibodies as indicated on the left of blots in (c). Values on the right side of blots in (d) indicate the molecular mass (Kd). (e) and (f) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 (e) and ST2 (f) proteins in the SDH. The ratio of band intensities versus that of tublin was calculated and then normalized to the ratio in naive animals (= 1, dashed line) for determining relative changes. \#\#*p *\<* *0.01, \#\#\#*p *\<* *0.001; Bonferroni's post hoc test in two-way ANOVA of ipsilateral versus contralateral SDH of rats after the CCI.\
IL33: interleukin-33; ST2: suppressor of tumorigenicity 2; miRNA: microRNA; CCI: constriction nerve injury.](10.1177_1744806920931737-fig3){#fig3-1744806920931737}

We then examined effects of altering the expression of endogenous miR-547-5p by i.t. infusion of the miR-547-5p agomir (Agomir-547-5p, [Table 1](#table1-1744806920931737){ref-type="table"}; 20 µM), antagomir (Antagomir-547-5p, [Table 1](#table1-1744806920931737){ref-type="table"}; 20 µM), or their control (Agomir-NC or Antagomir-NC; see [Table 1](#table1-1744806920931737){ref-type="table"}) once daily for consecutive four days (see Supplementary Figure 4(a)) into the region between the L4 and L6 of the spinal cord. When compared with the expression of miR-547-5p in naive rats, no significant change was found in the right L4 to L6 DRG (see the left graphs in [Figure 4(a) and (b))](#fig4-1744806920931737){ref-type="fig"} and SDH (see the left graphs in [Figure 4(c) and (d))](#fig4-1744806920931737){ref-type="fig"} of rats that received only agomir-NC ([Table 1](#table1-1744806920931737){ref-type="table"}, 20 µM; [Figure 4(a) and (c)](#fig4-1744806920931737){ref-type="fig"}) or antagomir-NC ([Table 1](#table1-1744806920931737){ref-type="table"}, 20 µM; [Figure 4(b) and (d)](#fig4-1744806920931737){ref-type="fig"}). However, when compared with the effects of agomir-NC, the i.t. administration of agomir-547-5p increased the expression of endogenous miR-547-5p in the DRG by 176 ± 16% (mean ± *SD*, *n* = 4 rats; [Figure 4(a)](#fig4-1744806920931737){ref-type="fig"}; *p *\<* *0.001, *t*(6) = 21.5), whereas the antagomir-547-5p administration reduced the expression of miR-547-5p by 59 ± 11% (mean ± *SD*, *n* = 4 rats; [Figure 4(b)](#fig4-1744806920931737){ref-type="fig"}, *p *\<* *0.001, *t*(6) = 10.4) when compared with the effect of the i.t. administration of the antagomir-NC. Similarly, the expression of miR-547-5p in the SDH was increased by 139 ± 18% following the infusion of agomir-547-5p (mean ± *SD*, *n* = 4 rats; [Figure 4(c)](#fig4-1744806920931737){ref-type="fig"}; *p *\<* *0.001, *t*(6) = 15.9) but reduced by 53 ± 13% following the infusion of antagomir-547-5p (mean ± *SD*, *n* = 4 rats; [Figure 4(d)](#fig4-1744806920931737){ref-type="fig"}, *p *\<* *0.001, *t*(6) = 7.8).

![Effects of altering the expression of miR-547-5p (miR547-5p) by the intrathecal (i.t.) administration of agomir-miR-547-5p (agomir-547-5p) or antagomir-miR-547-5p (antagomir-547-5p). The left graphs of (a) and (c): Summary data (mean ± *SD*) showing the expression of miR547-5p in rats that received agomir-NC (20 µM, see Supplementary Figure 4(a)), which were normalized to that in naive rats without any treatment (= 1, dashed line). The right graphs of (a) and (c): Summary data (mean ± *SD*) showing the expression of miR547-5p, which were normalized to that in rats that received agomir-NC (20 µM, = 1, dashed line, see Supplementary Figure 4(a)). The left graphs of (b) and (d): Summary data (mean ± *SD*) showing the expression of miR547-5p in rats that received antagomir-NC (20 µM, see Supplementary Figure 4(a)) which were normalized to that in naive rats (= 1, dashed line). The left graphs in (e), (f), (g), and (h): Summary data (mean ± *SD*) showing IL-33 and ST2 mRNAs in the DRG (e, f) and SDH (g, h), which were normalized to that in naive rats. The right graphs in (e), (f), (g), and (h) show the expression of IL-33 and ST2 mRNAs, which were normalized to that of rats that received the i.t. administration of agomir-NC. (i) and (j) Examples of Western blots. Gels (from left to right) in (i) and (j) were respectively loaded with lysates prepared from the right L4 to L6 DRG (i) and SDH (j) of naive rats without any treatment (naive), or the right (ipsilateral) L4 to L6 DRG (i) and SDH (j) of rats with or without the CCI received the i.t. administration of agomir-NC, antagomir-NC, or agomir547-5p as indicated. Each group of the blots was stripped and successively probed with antibodies as indicated on the left of blots. Values on the right side of blots indicate the molecular mass (Kd). (k) to (n) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 (k, m) and ST2 (l, n) proteins in the DRG (k, l) and SDH (m, n). The ratio of band intensities versus that of tublin was calculated and then normalized to the ratio in naive animals (= 1, dashed line) was shown in the left graphs of (k) to (n). The ratio normalized to that in rats that received the i.t. agomir-NC administration (= 1, dashed line) was shown in the right graphs of (k) to (n). Agomir-NC/CCI: agomir-NC (20 µM) was i.t. infused into rats after the CCI (see Supplementary Figure 4(b)); Agomir-547-5p/CCI: agomir-547-5p (20 µM) was i.t. infused into rats after the CCI (see Supplementary Figure 4(b)). (o) Summary data (mean ± *SD*) showing the effects of the i.t. administration of agomir-NC (20 µM) or agomir-547-5p (20 µM) once daily for four consecutive days on the MWT, and TWL of rats that received the CCI. A black arrow indicates the CCI. The black arrowheads indicate the i.t. infusion of agomir-NC or agomir-547-5p. \#\#\#*p *\<* *0.001, Bonferroni's post hoc test in one-way ANOVA in comparison with that of the i.t. agomir-NC administration. \*\**p *\<* *0.01, \*\*\**p *\<* *0.001, unpaired *t* test in comparison of the effects of the i.t. agomir-547-5p versus agomir-NC administration in rats without or with CCI in (a), (c), (e) to (h), (k) to (n), or the effects of the i.t. antagomir-547-5p versus antagomir-NC administration in (b) and (d). Values in brakes indicate the number of rats tested.\
DRG: dorsal root ganglia; SDH: spinal dorsal horn; CCI: constriction nerve injury; IL33: interleukin-33; ST2: suppressor of tumorigenicity 2; miRNA: microRNA; NC: nonspecific negative control sequence; MWT: mechanical withdrawal threshold; TWL: thermal withdrawal latency.](10.1177_1744806920931737-fig4){#fig4-1744806920931737}

The i.t. infusion of agomir-547-5p into naive rats (see Supplementary Figure 4(a)) did not produce any significant effect on the expression of mRNAs or proteins of IL-33 and ST2 (see [Figure 4(e) to (n)](#fig4-1744806920931737){ref-type="fig"}). However, the increases in the expressions of IL-33 and ST2 mRNAs or proteins in the ipsilateral DRG (see [Figure 4(e), (f), (i), (k), (l)](#fig4-1744806920931737){ref-type="fig"}) and SDH (see [Figure 4(g), (h), (j), (m), (n)](#fig4-1744806920931737){ref-type="fig"}) induced by the CCI were significantly reduced by the agomir-547-5p infusion when compared to those in the animals that received the agomir-NC administration (see Supplementary Figure 4(b)). Furthermore, our data showed that the administration of agomir-547-5p significantly diminished the reduction of the MWT and TWL induced by the CCI (see [Figure 4(o)](#fig4-1744806920931737){ref-type="fig"}, *p *\<* *0.001, *F*(5, 70) = 25.2 and 50.7). In contrast, no effect on the MWT and TWL could be found after the administration of agomir-547-5p in naive animals (see Supplementary Figure 4(c)).

We then examined the effects of the i.t. administration of antagomir-547-5p. When compared with those in naive animals, the i.t. administration of antagomir-NC (see Supplementary Figure 4(a)) produced no change in the expression of miR-547-5p, IL-33, and ST2 mRNAs (see the left graphs in [Figure 5(a) to (d)](#fig5-1744806920931737){ref-type="fig"}) and proteins (see [Figure 4(i) and (j)](#fig4-1744806920931737){ref-type="fig"}; the left graphs in [Figure 5(g) to (j)](#fig5-1744806920931737){ref-type="fig"}). In contrast, the i.t. administration of antagomir-547-5p not only reduced the expression of miR547-5p (see the right graphs of [Figure 4(b) and (d)](#fig4-1744806920931737){ref-type="fig"}) but also caused increases in the expression of IL-33 and ST2 mRNAs (see the right graphs in 5(a) to (d)) and proteins (see [Figure 5(e) and (f)](#fig5-1744806920931737){ref-type="fig"}; the right graphs in [Figure 5(g) to (j)](#fig5-1744806920931737){ref-type="fig"}) in both the DRG and SDH of animals when compared to those in animals that received the administration of antagomir-NC (see [Figure 5(a) to (j)](#fig5-1744806920931737){ref-type="fig"}).

![Effects of the i.t. administration of antagomir-miR-547-5p (antagomir-547-5p, 20 µM) on IL-33 (IL33) and ST2. The left graphs of (a) and (c): Summary data (mean ± *SD*) showing the expression of IL-33 mRNA normalized to that in naive rats (= 1, dashed line). The right graphs of (a) and (c): Summary data (mean ± *SD*) showing the expression of IL-33 mRNAs normalized to that in rats that received antagomir-NC (20 µM, = 1, dashed line, see Supplementary Figure 4(a)). The left graphs of (b) and (d): Summary data (mean ± *SD*) showing the expression of ST2 mRNA normalized to that in naive rats (= 1, dashed line). The right graphs in (b) and (d) show the expression of ST2 mRNAs normalized to that in rats that received the i.t. administration of antagomir-NC (= 1, dashed line). (e) and (f) Examples of Western blots. Gels (from left to right) in (e) and (f) were respectively loaded with lysates prepared from the right L4 to L6 DRG (e) and SDH (f) of rats that received the i.t. administration of antagomir-NC and antagomir-547-5p. Each group of the blots was stripped and successively probed with antibodies as indicated on the left of blots. Values on the right side of the blots indicate the molecular mass (Kd). The ratio of band intensities versus that of tublin was calculated. The left graphs in (g) to (j) show normalized ratios to that in naive animals (= 1, dashed line, also see the left blot groups in [Figure 4(i) and (j)](#fig4-1744806920931737){ref-type="fig"}). The right graphs in (g) to (j) show normalized ratios to that in rats that received the i.t. administration of antagomir-NC (= 1, dashed line). \**p *\<* *0.05, \*\**p *\<* *0.01, \*\*\**p *\<* *0.001, unpaired *t* test in comparison between effects of i.t. antagomir-547-5p versus antagomir-NC administration. (k) Summary data (mean ± *SD*) showing the effects of the i.t. administration of antagomir-NC (20 µM) or antagomir-547-5p (20 µM) once daily for four consecutive days on the MWT and TWL of rats. The black arrowheads indicate the i.t. infusion of antagomir-NC or antagomir-547-5p. Values in brackets indicate the number of rats tested.\
DRG: dorsal root ganglia; SDH: spinal dorsal horn; IL33: interleukin-33; ST2: suppressor of tumorigenicity 2; NC: nonspecific negative control sequence; miRNA: microRNA; MWT: mechanical withdrawal threshold; TWL: thermal withdrawal latency.](10.1177_1744806920931737-fig5){#fig5-1744806920931737}

In consistency, the i.t. administration of the antagomir-NC did not produce any change in the MWT and TWL (*p *=* *0.84 and *p *=* *0.8, *F*(4, 20) = 0.36 and 0.4, [Figure 5(k)](#fig5-1744806920931737){ref-type="fig"}). When compared to that induced by the i.t. administration of antagomir-NC, the MWT and TWL were significantly reduced after the i.t. administration of antagomir-547-5p (see [Figure 5(k)](#fig5-1744806920931737){ref-type="fig"}, *p *\<* *0.001, *F*(4, 40) = 86.21 and 102.6).

These findings strongly implied that the depression of miR-547-5p might act as an upstream signal for inducing the enhancement of IL-33/ST2 signaling and thereby causing pain hypersensitivity in the CCI model. To exam this hypothesis, we then investigated the effects of the upregulation of IL-33 on the expression of miR-547-5p. Although the one-time i.t. infusion of recombinant IL-33 (rIL-33; Novus Biologicals, Littleton, CO, USA; <http://www.novusbio.com>)^[@bibr7-1744806920931737],[@bibr34-1744806920931737]^ at dose 10, 30 or 100 ng produced a dose-dependent reduction of the MWT from 14.3 ± 1.0 g to 11.8 ± 0.9, 9.3 ± 1.3 or 6.1 ± 0.9 g (mean ± *SD*, *n* = 6 rats; *p *\<* *0.001, *F*(2, 15) = 44.58) and the TWL from 11.9 ± 0.1 s to 7.9 ± 0.3, 6.4 ± 0.3 or 5.0 ± 0.2 s (mean ± *SD*, *n* = 6 rats; *p *\<* *0.001, *F*(2, 15) = 166.9) 3 hr after the infusion, the item (100 ng once daily for 4 consecutive days, see Supplementary Figure 5(a)) produced no significant change in the expression of miR-547-5p in the right L4 to L6 DRG ([Figure 6(a)](#fig6-1744806920931737){ref-type="fig"}; *p *=* *0.59, *t*(6) = 0.57) or SDH ([Figure 6(a)](#fig6-1744806920931737){ref-type="fig"}; *p *=* *0.61, *t*(6) = 0.54) when compared to those of naive rats. Thus, it was implied that the expression of miR-547-5p was unlikely a downstream event regulated by IL-33 at the dose which could significantly alter somatosensitivity.

![Effects of the i.t. delivering rIL-33 (rIL33) or the knockdown of IL-33 (IL33). (a) Effects of the i.t. delivering rIL-33 (100 ng, Supplementary Figure 5(a)) on the expression of miR547-5p in the DRG and SDH, which were normalized to that in naive rats (= 1, dashed line). (b) and (c) Examples of Western blots. Gels (from left to right) in (b) and (c) were respectively loaded with lysates prepared from the right L4 to L6 DRG (b) and SDH (c) of rats without any treatment (naive), at day 7 after the i.t. infusion of sh-NC (10 µl, [Table 1](#table1-1744806920931737){ref-type="table"}), or at day 3 or 7 after the infusion of sh-IL-33 (10 µl, [Table 1](#table1-1744806920931737){ref-type="table"}). (d) and (e) Summary data (mean ± *SD*) showing the relative changes in the expression of IL-33 and ST2 proteins in the DRG (d) and SDH (e) normalized with that in naive animals (= 1, dashed line). \#*p *\<* *0.05, \#\#*p *\<* *0.01, \#\#\#*p *\<* *0.001 (Dunnett's post hoc test in one-way ANOVA in comparison with that in naive rats). (f) and (g) Summary data (mean ± *SD*) showing effects of the IL-33 knockdown on the expression of miR547-5p in the DRG (f) and SDH (g), which were normalized to that in naive rats (= 1, dashed line). sh-IL33: IL-33 was knocked down; CCI/sh-IL33: the CCI was performed in rats on day 7 after the IL-33 knockdown (see Supplementary Figure 5(b)). \*\*\**p *\<* *0.001, unpaired *t* test in comparison of the miR547-5p expression after the CCI versus that in naive rats. Values in brackets indicate the number of rats tested.\
DRG: dorsal root ganglia; SDH: spinal dorsal horn; IL33: interleukin-33; ST2: suppressor of tumorigenicity 2; CCI: constriction nerve injury; NC: nonspecific negative control sequence.](10.1177_1744806920931737-fig6){#fig6-1744806920931737}

We then examined the effects of the downregulation of IL-33. For this aim, lentivirus particles (1 × 10^8^ PFU/ml) conjugated with GFP and IL-33 siRNA 5′-ATGATGAGAGCTGTAACAATA-3′ (sh-IL-33, Gene Chemical Co., Ltd., Shanghai, China; [www.genechem.com.cn](http://www.genechem.com.cn); see [Table 1](#table1-1744806920931737){ref-type="table"})^[@bibr21-1744806920931737]^ or a nonspecific negative control sequence 5′-TTCTCCGAACGTGTCACGT-3′ (sh-NC, see [Table 1](#table1-1744806920931737){ref-type="table"})^[@bibr21-1744806920931737][@bibr22-1744806920931737]--[@bibr23-1744806920931737]^ were i.t. infused in the region between the L4 to L6 of the spinal cord of rats. Supplementary Figure 6 shows the colabeling of endogenous IL-33 detected with IL-33 antibody (red) and lentivirus particles conjugated with GFP and sh-IL-33 (green) infused intrathecally.

The Western blot analysis showed that compared to those in naive rats, no change in the expression of IL-33 protein in both the DRG and SDH was found after the infusion of sh-NC (see [Figure 6(b) to (e)](#fig6-1744806920931737){ref-type="fig"}). When compared with that of animals that received the infusion of the sh-NC, IL-33 protein expressions in both the DRG and SDH were significantly reduced at days 3 and 7 following the i.t. infusion of sh-IL-33 (see [Figure 6(b) to (e)](#fig6-1744806920931737){ref-type="fig"}).

The infusion of sh-IL-33 into naive rats did not induce any significant change in the expressions of ST2 (see [Figure 6(b) to (e)](#fig6-1744806920931737){ref-type="fig"}) and miR-547-5p (see [Figure 6(f) and (g)](#fig6-1744806920931737){ref-type="fig"}). Interestingly, however, the CCI (see Supplementary Figure 5(b)) still induced significant depression of miR-547-5p in both the DRG and SDH (see [Figure 6(f) and (g)](#fig6-1744806920931737){ref-type="fig"}; *p *\<* *0.001, *t*(6) = 8.2 and 8.5) of animals in which the expression of IL-33 had been knocked down. Taken together, we concluded that the upregulation of IL-33/ST2 signaling, which caused pain hypersensitivity, was a downstream event induced by the depression of miR-547-5p.

BMSC application significantly reduced pain hypersensitivity via blocking the depression of miR-547-5p and the upregulation of IL-33/ST2 signaling {#sec16-1744806920931737}
--------------------------------------------------------------------------------------------------------------------------------------------------

Recent studies have shown that BMSCs may produce long-lasting analgesic effects in animal models of chronic pain, such as neuropathic pain.^[@bibr15-1744806920931737][@bibr16-1744806920931737]--[@bibr17-1744806920931737]^ However, the underlying mechanisms remain largely unknown. In this study, we examined the effects of BMSC administration on the expression of miR527-5p in the DRG and SDH. When compared to the expression of miR-547-5p in the DRG or SDH of naive rats, no change could be found in rats that received the sham operation or intravenous (i.v.) injection (see Supplementary Figure 5(c)) of BMSCs only (1 × 10^6^ cells in 0.3 ml PBS) (see the left graphs of [Figure 7(a) and (b)](#fig7-1744806920931737){ref-type="fig"}). However, the CCI-induced reduction in the expression of miR527-5p was reversed by the BMSCs application when compared to that in rats that received the vehicle of BMSCs (see Supplementary Figure 5(d); the right graphs in [Figure 7(a) and (b)](#fig7-1744806920931737){ref-type="fig"}). Moreover, the increases in IL-33 and ST2 mRNAs or proteins in the DRG or SDH induced by the CCI were also significantly reversed by the BMSC application, which, however, produced no change in the naive rats (see [Figure 7](#fig7-1744806920931737){ref-type="fig"}).

![Effects of the BMSC administration on the CCI-induced changes in the expression of miR547-5p, IL-33, or ST2. (a) and (b) Summary data of normalized changes in miR547-5p in the DRG (a) and SDH (b) to that in naive rats (= 1, dashed line). (c) and (d) Summary data of normalized the changes in IL-33 mRNA in the DRG (c) and SDH (d) to that in naive rats (= 1, dashed line). (e) and (f) Summary data of normalized changes in ST2 mRNA in the DRG (e) and SDH (f) to that in naive rats (= 1, dashed line). (g) and (h) Examples of Western blots. (i) and (j) Summary data of normalized changes in IL-33 protein in the DRG (i) and SDH (j) to that in naive rats (= 1, dashed line). (k) and (l) Summary data of normalized changes in ST2 protein in the DRG (k) and SDH (l) to that in naive rats (= 1, dashed line). Sham: rats with a sham operation; BMSCs: at day 2 after the intravenous (i.v.) infusion of BMSCs (1 × 10^6^ cells in 0.3 ml PBS; see Supplementary Figure 5(c)); V/CCI: the vehicle (0.3 ml PBS) was i.v. administered into rats with CCI (see Supplementary Figure 5(d)); BMSCs/CCI: BMSCs was i.v. administered into rats with CCI (see Supplementary Figure 5(d)). \#*p *\<* *0.05, \#\#*p *\<* *0.01, \#\#\#*p *\<* *0.001 (Bonferroni's post hoc test in one-way ANOVA when compared with that in naive rats); \**p *\<* *0.05, \*\**p *\< 0.01, \*\*\**p *\<* *0.001 (unpaired *t* test when compared with that in rats that received the vehicle).\
DRG: dorsal root ganglia; SDH: spinal dorsal horn; CCI: constriction nerve injury; BMSC: bone marrow stromal cell; IL33: interleukin-33; miRNA: microRNA; ST2: suppressor of tumorigenicity 2; NC: nonspecific negative control sequence.](10.1177_1744806920931737-fig7){#fig7-1744806920931737}

It has been known that BMSCs may produce analgesic effects by targeting multiple signaling pathways involved in nociceptive functions.^[@bibr20-1744806920931737],[@bibr35-1744806920931737],[@bibr36-1744806920931737]^ To verify that the modulation of miR-547-5p-mediated IL-33/ST2 pathway is indeed a critical mechanism underlying the analgesic function of BMSCs, we examined effects of the BMSC administration (see Supplementary Figure 5(e)) on antagomir-547-5p-induced changes in the expressions of miR-547-5p, IL-33 and ST2, and the somatosensitivity (see [Figure 8](#fig8-1744806920931737){ref-type="fig"}). When compared with those in animals only received antagomir-547-5p (see [Figure 5(a) to (j)](#fig5-1744806920931737){ref-type="fig"}), the BMSC application effectively blocked the increases in the expression of IL-33 and ST2 in both the DRG and SDH induced by delivering antagomir-547-5p (see [Figure 8(a) to (f)](#fig8-1744806920931737){ref-type="fig"}). Moreover, the BMSC administration (see Supplementary Figure 5(e)) also prevented the antagomir-547-5p delivering-induced decreases in the MWT and TWL ([Figure 8(g)](#fig8-1744806920931737){ref-type="fig"}). However, when compared to the vehicle application, BMSCs delivered into naive rats did not significantly alter the somatosensitivity (see [Figure 9(a)](#fig9-1744806920931737){ref-type="fig"}; *p *\>* *0.05, *F*(3, 15) = 0.08 (MWT); *F*(3, 30) = 3.61 (TWL)).

![The BMSC administration blocked the effects produced by antagomir-547-5p application. (a) and (b) Summary data of normalized changes in miR547-5p, IL-33 or ST2 mRNAs in the DRG (a) and SDH (b) to that in naive rats (= 1, dashed line). (c) and (d) Examples of Western blots; Antagomir-547-5p/BMSCs: Antagomir-547-5p was i.t. infused into rats pretreated with BMSCs (1 × 10^6^ cells in 0.3 ml PBS). (e) and (f) Summary data of normalized changes in IL-33 and ST2 proteins in the DRG (e) and SDH (f) to that in naive rats (= 1, dashed line). (g) Summary data (mean ± *SD*) showing effects of the i.t. administration of antagomir-547-5p (20 µM) on the MWT and TWL of rats pretreated with BMSCs (see Supplementary Figure 5(e)). The black arrowheads indicate the i.t. infusion of antagomir-547-5p. Values in brackets indicate the number of rats tested.\
DRG: dorsal root ganglia; SDH: spinal dorsal horn; BMSC: bone marrow stromal cell; IL33: interleukin-33; ST2: suppressor of tumorigenicity 2; MWT: mechanical withdrawal threshold; TWL: thermal withdrawal latency.](10.1177_1744806920931737-fig8){#fig8-1744806920931737}

![The effects of the administration of agomir-547-5p or the IL-33 knockdown on BMSC administration-induced analgesia in the CCI model. (a) Effects of the i.v. infusion of vehicle or BMSCs on the MWT (left) and TWL (right) in naive rats. (b) Summary data (mean ± *SD*) of normalized changes in the MWT or TWL to that right before the application of the vehicle of BMSCs, BMSCs, Agomir-NC, or Agomir-547-5p (= 1, dashed line). V/CCI: vehicle application in the CCI model (see Supplementary Figure 5(f)); BMSCs/CCI: BMSC application in the CCI model (see Supplementary Figure 5(f)); BMSCs/Agomir-547-5p/CCI: BMSCs were applied after the i.t. administration of agomir-547-5p into rats in the CCI model (see Supplementary Figure 5(g)); BMSCs/Agomir-NC/CCI: BMSCs were applied after the i.t. administration of agomir-NC into rats in the CCI model (see Supplementary Figure 5(g)); BMSCs/sh-IL33/CCI: BMSCs were applied after the i.t. infusion of sh-IL-33 into rats in the CCI model (see Supplementary Figure 5(h)). BMSCs/sh-NC/CCI: BMSCs were applied after the i.t. infusion of sh-NC into rats in the CCI model (see Supplementary Figure 5(h)). Agomir-547-5p/BMSCs/CCI: Agomir-547-5p was applied after the i.v. administration of BMSCs into rats in the CCI model (see Supplementary Figure 5(i)); \*\*\**p *\<* *0.001 (unpaired *t* test in comparison with that of the BMSC application after vehicle, agomir-NC, or sh-NC infusion in the CCI model). Values in brackets indicate the number of rats tested. (c) A diagram shows that via depressing miRNA-547-5p the CCI induces the IL-33/ST2 signaling upregulation and pain hypersensitivity and that via blocking the miRNA-547-5p-mediated IL-33/ST2 signaling, BMSCs reduce the CCI-induced pain hypersensitivity.\
BMSC: bone marrow stromal cell; MWT: mechanical withdrawal threshold; TWL: thermal withdrawal latency; IL33: interleukin-33; NC: nonspecific negative control sequence; CCI: constriction nerve injury; ST2: suppressor of tumorigenicity 2; miRNA: microRNA.](10.1177_1744806920931737-fig9){#fig9-1744806920931737}

Consistent with previous findings, the CCI operation significantly reduced the MWT from 14.0 ± 1.4 to 0.8 ± 0.4 g and the TWL from 11.7 ± 0.4 to 4.9 ± 0.2 s (mean ± *SD*, *n* = 6 rats; *p *\<* *0.001, *F*(5, 25) = 429.7 and 585.2). The BMSC application (see Supplementary Figure 5(f)) significantly reversed the CCI effects: the MWT and TWL were respectively increased by 849.2 ± 320% and 47 ± 14% (mean ± *SD*, *n* = 6 rats) (see [Figure 9(b)](#fig9-1744806920931737){ref-type="fig"}). To determine if altering the miR-547-5p-mediated IL-33/ST2 signaling may be a critical mechanism underlying the analgesic effect of BMSCs on the CCI-induced pain hypersensitivity, we examined the analgesic effects of BMSCs, which were applied into the animals after the treatment with agomir-547-5p (see Supplementary Figure 5(g)) or the sh-IL-33 (see Supplementary Figure 5(h)). We found that the BMSC application conducted after the infusion of agomir-547-5p into animals in the CCI model (see Supplementary Figure 5(g)) only produced 43 ± 42% and 26 ± 12% increases in the MWT and TWL. This effect was significantly smaller than those in rats that received BMSC application after infusion of agomir-NC (*p *\<* *0.001, *t*(10) = 17.3 for MWT; *p *\<* *0.01, *t*(10) = 4.1 for TWL). BMSC application after the knockdown of IL-33 in CCI-treated animals (see Supplementary Figure 5(h)) produced 17 ± 8% and 17 ± 5% increases in MWT and TWL, which were also significantly lower than those in rats that received BMSC application after the infusion of sh-NC ([Figure 9(b)](#fig9-1744806920931737){ref-type="fig"}; *p *\<* *0.001, *t*(10) = 12.8 for MWT; *p *\<* *0.001, *t*(10) = 12.2 for TWL). Thus, we concluded that the BMSC effect on the CCI-induced pain hypersensitivity could be occluded by either the miR-547-5p agomir administration or the IL-33 knockdown conducted before the BMSC application.

Furthermore, we did experiments in which agomir-547-5p was applied after the conduction of i.v. treatment with BMSCs into animals in the CCI model (see Supplementary Figure 5(i)). In these animals, the MWT and TWL were 6.53 ± 0.6 g and 7.38 ± 0.45 s right before the agomir-547-5p application and 6.36 ± 0.66 g and 7.27 ± 0.32 s (mean ± *SD*, *n* = 6 rats) after the agomir-547-5p application once daily for consecutive 4 days (see Supplementary Figure 5(i)). No significant effect could be found following the agomir-547-5p application (see [Figure 9(b)](#fig9-1744806920931737){ref-type="fig"}). Thus, the modulation of the miR-547-5p or IL-33/ST2 signaling may be a vital mechanism underlying the anti-nociceptive function of BMSCs (see [Figure 9(c)](#fig9-1744806920931737){ref-type="fig"}).

Discussion {#sec17-1744806920931737}
==========

We found that the expression of the miR-547-5p in both the DRG and SDH ipsilateral to the CCI was significantly decreased and that this miRNA could directly interact with IL-33 and ST2 mRNAs expressed in HEK293T cells. The i.t. administration of agomir-547-5p significantly increased the expression of the endogenous miR-547-5p, whereas its expression was significantly reduced by the i.t. administration of the antagomir-547-5p. Consistent with previous studies,^[@bibr7-1744806920931737],[@bibr9-1744806920931737],[@bibr10-1744806920931737]^ we found that the expressions of IL-33 and ST2 mRNAs and proteins in the ipsilateral DRG and SDH were significantly increased following the CCI. Agomir-547-5p administration did not produce any significant change in the expression of IL-33 and ST2 and the pain sensitivity in naive rats; however, it blocked the changes in the expression of IL-33 and ST2, and the pain sensitivity in rats with the CCI. These findings strongly suggested a possibility that the reduction of miR-547-5p might be an upstream event leading to the upregulation of IL-33/ST2 signaling following the CCI (see [Figure 9(c)](#fig9-1744806920931737){ref-type="fig"}).

In contrast to the effects of agomir-547-5p, the i.t. administration of antagomir-547-5p into naive animals not only reduced the expression of endogenous miR-547-5p but also caused increases in the expressions of IL-33 and ST2. In the meantime, pain sensitivity was significantly increased. This finding provided another line of evidence for that the depressing the miR-547-5p expression could be an upstream signal for the enhancement of the IL-33/ST2 signaling.

Recent studies have shown that IL-33 may dose-dependently induce the proliferation of microglia and enhance the production of pro-inflammatory cytokines, such as IL-1β and tumor necrosis factor-α.^[@bibr37-1744806920931737]^ Through the extracellular regulated kinase (ERK), p38 mitogen-activated protein kinase (MAPK), c-Jun N-terminal kinase, and nuclear factor-kappa B (NF-κB), IL-33/ST2 signaling exert their functions.^[@bibr21-1744806920931737],[@bibr38-1744806920931737]^ Via neuronal CaMKII/CREB, NMDA receptor, and astroglial JAK2-STAT3 cascades, the spinal IL-33/ST2 signaling promotes the genesis and maintenance of neuropathic pain.^[@bibr2-1744806920931737],[@bibr7-1744806920931737][@bibr8-1744806920931737]--[@bibr9-1744806920931737]^

Furthermore, it is found that the release of cytokines may be activated in astrocytes following neuropathic injury, which interact with their receptors located on the neuronal surface and thereby causing pain hypersensitivity.^[@bibr39-1744806920931737][@bibr40-1744806920931737]--[@bibr41-1744806920931737]^ We found the colocalization of IL-33 and GS or GFAP antibody staining in both the DRG and SDH but no colocalization of IL-33 and NeuN staining (see Supplementary Figures 2 and 3). These data are consistent with previous findings that in the spinal cord, IL-33 is mainly localized in astrocytes.^[@bibr7-1744806920931737],[@bibr37-1744806920931737],[@bibr42-1744806920931737]^ Similar to those found in the spinal cord and DRG by others,^[@bibr7-1744806920931737],[@bibr37-1744806920931737],[@bibr42-1744806920931737],[@bibr43-1744806920931737]^ the ST2 was found to be colocalized with NeuN or GFAP staining in the SDH (see Supplementary Figure 3). However, no colocalization of staining with ST2 and GS antibodies was found in the DRG (see Supplementary Figure 2), implying that ST2 in the DRG mainly located in neurons.

Great efforts have been made to clarify mechanisms that may be involved in the regulation of IL-33/ST2 signaling (see reviews: Fairlie-Clarke et al.,^[@bibr4-1744806920931737]^ Fattori et al.,^[@bibr10-1744806920931737]^ Molofsky et al.^[@bibr11-1744806920931737]^). TNF-α stimulation may increase IL-33 release in isolated mouse pancreatic acinar cells, while IL-33 stimulation may also increase proinflammatory cytokine release; both are involving the ERK/MAPK pathway.^[@bibr44-1744806920931737]^ It is reported that IL-1β and TNF-α significantly enhance the expression of IL-33 mRNA and protein in isolated colonic subepithelial myofibroblasts but not in intestinal epithelial cell lines (HT-29 and Caco-2 cells) and that the IL-1β- and TNF-α-induced IL-33 mRNA expression is mediated by p42/44 MAPK pathway-dependent activation of NF-κB and activator protein (AP)-1.^[@bibr45-1744806920931737]^ However, thus far, the detailed molecular mechanism underlying the enhancement of IL-33/ST2 signaling induced by the CCI remained unclear.

To confirm the possibility that the depression of miR-547-5p might be the upstream event causing the enhancement of IL-33/ST2 signaling induced by the CCI, we investigated the effect of the i.t. infusion of recombinant IL-33, which produced a significant increase in pain sensitivity, on the expression of miR-547-5p. We found that increasing the IL-33 by the i.t. infusion of recombinant IL-33 did not induce any change in the expression of miR-547-5p. Interestingly, the CCI still induced the depression of miR-547-5p expression in the DRG and SDH of rats in which IL-33 was knocked down. This finding excluded the possibility that the depression of miR-547-5p might be induced by the upregulation of IL-33 following the neuropathic stimulation. Taken together, we concluded that the upregulation of IL-33/ST2 signaling, which caused pain hypersensitivity, was a downstream event induced by the depression of miR-547-5p (see [Figure 9(c)](#fig9-1744806920931737){ref-type="fig"}).

Through regulating neuronal activity, the IRAK1/TRAF6 signaling, or the Nav1.3 channel activity, miRNAs have been found to be involved in the modulation of neuropathic pain induced by nerve injury.^[@bibr46-1744806920931737][@bibr47-1744806920931737][@bibr48-1744806920931737][@bibr49-1744806920931737]--[@bibr50-1744806920931737]^ Enhancing the expression of miRNA-487b may inhibit the expressions of IL-33 and ST2 and prevent the effects produced by IL-33/ST2 signaling.^[@bibr12-1744806920931737],[@bibr13-1744806920931737]^ It is also found that IL-33/ST2 may promote gut mucosal healing through increasing the expression of miRNA-320 in colitic mice during the recovery period.^[@bibr14-1744806920931737]^ Although detailed mechanisms underlying the genesis of the depression of miRNA-547-5p by the CCI and the upregulation the IL-33/ST2 signaling by the depression miRNA-547-5p remain to be investigated, the present study has demonstrated that through depressing miRNA-547-5p, the CCI induced the upregulation of the IL-33/ST2 signaling in the DRG and SDH and thereby causing pain hypersensitivity (see [Figure 9(c)](#fig9-1744806920931737){ref-type="fig"}).

It has been found that BMSCs delivered locally, intrathecally, or systematically may produce a long-lasting analgesic effect (see reviews: Fortino et al.,^[@bibr15-1744806920931737]^ Huh et al.,^[@bibr16-1744806920931737]^ Han et al.,^[@bibr17-1744806920931737]^ Gao and Ji^[@bibr41-1744806920931737]^). More detailed studies have shown that the analgesic effect of BMSCs may be achieved through multiple mechanisms, e.g., stimulating immune system,^[@bibr51-1744806920931737]^ promoting opioid receptors,^[@bibr20-1744806920931737]^ inhibiting the P2X4 receptor,^[@bibr52-1744806920931737]^ secreting TGF-β^[@bibr29-1744806920931737]^ or preventing the release of inflammatory cytokine (such as IL-1β or TNF-α),^[@bibr30-1744806920931737]^ or inhibiting the γ subtype of protein kinase C and the tyrosine phosphorylation of the GluN2A subunit of N-methyl-D-aspartate receptors.^[@bibr53-1744806920931737]^

BMSCs can differentiate to many nonhematopoietic tissues. Many studies have focused on the regulation of stem cells by IL-33/ST2 signaling (see reviews: Fattori et al.,^[@bibr10-1744806920931737]^ Peine et al.^[@bibr54-1744806920931737]^). To date, however, no data reported whether stem cells such as BMSCs might affect the IL-33/ST2 signaling in diseased tissues. Our present study showed that the i.v. application of BMSCs significantly reduced the CCI-induced depression of miR-547-5p, increases in the expression of IL-33 and ST2, and pain hypersensitivity. In contrast, no effect could be found when BMSCs were applied to naive rats.

To determine if altering the miR-547-5p-mediated IL-33/ST2 signaling may be a critical mechanism underlying the analgesic effect of BMSCs on the CCI-induced pain hypersensitivity, we examined the analgesic effects of BMSCs, which were applied to the animals after the treatment with agomir-547-5p or the sh-IL-33. We found that in these animals the analgesic effect produced by BMSC application was significantly reduced when compared with that in animals without the pretreatment or pretreated with agomir-NC or sh-NC. Interestingly, the antagomir-547-5p application performed after the conduction of BMSC treatment could not induce similar changes in pain sensitivity found in animals without the BMSC pretreatment. The agomir-547-5p application performed after the conduction of BMSC treatment in the CCI-model did not produce any significant effect. Thus, although detailed mechanisms underlying the analgesic effect of BMSCs remained to be clarified, the present findings strongly suggested that BMSCs might produce analgesic effects through targeting the miR-547-5p depression-mediated IL-33/ST2 signaling. However, understanding the mechanisms underlying BMSC action on miR-547-5p, IL-33, and ST2 still is a challenge, and we still do not know why BMSCs appeared not producing any effect on these molecules in naive animals. These will be essential for further investigations.

In memory of Dr Q. Z. Yin for his great support and directions.
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